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LESSONS LEARNED FROM THE DEVELOPMENT AND
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MATERIALS FOR THE SPACE SHUTTLE ORBITERS
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Kenneth %. Nickel, Edward ™. Gzowski, and Lawrence Aguilar
Lockheed Missiles & Space Cempany, Inc.
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SUMMARY

Three ceramic, reusable surfacz insulution materials and two borosilizate
glass coatings were used in the fabricaticn of tiles for the Space Shuttle
orbiters. Approximately 77,000 tiles have been made from these materials for the
first three orbiters, Cclumbia, Challenger and Discovery. Lessons learned in
the development, scale-up to production and manufacturing phases of these

mater {uzls will benefit future production of ceramic reusable surface insulation
materials.

INTRODUCTION

The landing of Columbia after STS-5 on 11 November 1982 demonstrated the
reality of a truly "reusable™ thermal protection system. The concept of 2 non-
zblating, rigid, reusable, cerazmic insulation material was identified by a
Lockheed patent disclosure ifi December 1960. It was recommended as a TPS for
Lifting Reentry Vehicles by Lockheed in 1964 (ref. 1) and was pursued as a low
level research and development effort during the early 1950's. A concen-
trated development effort was started in 1968 (refs. 2, 3, 4 and 5) to parallel
the NASA Phase B studies that defined some early Space Shuttle configurations
(ref. 6). Many lessons wers learned luring each phase of the evolution from
laboratury development to an initial production facility iz 1971 {refs. 7 and 8),
and finally to the full production facility (refs. 9 and 10), which produced a
shipset of tiles for the orbiter Columbia.

Lessons learrzd during the develcpment and scale-up to production of three
rigid, ceramic, Reusable Surface Insulacion (RSI) aatarials and two torosilicate

glass coatings will be discussed. However, the mair ecmphasis will be on the

signifizant lessons learned from the following manufacturing phases ir the full
production facility:

1. Processing of raw materials into tile blanks and coating slurries

2. Programming and machining of tiles using numerical controlled milling
machines

3. Preparing and spraying tiles with the two coatings

4. Ccntro:.ling material shrinkage during the high-temperature (2100-2275°%)
coating glazing cycles
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5. Measuring the tiles before coating and after ceating glaz:ing

6. Loading tiles iato piulyurethane array frames, shimming the tiles to the
proper tile-to-tile gop width and zachining the inner-meold-line of all
tiles in an array
The RSI materials incluc= LI-300 (Lcckheed insulatiun at density of

2 lb/ft3), an all-silica material developed by lockheed Missil

Company Inc. {IMSC) in 1972. A predecessor, LI-1500, (a1l

silicz material} was developed b7 LMSC Iz 1952 (ref. 1}. It was the lowest
welght prime material for Lecckheed's reuscble lifting reenrr: wvehicle studics
(ref. 1) from 1942 until 1971 when LI-<20 was developed (rei. 12). [I1-2200,

a 22 i5/ft3 densizy all-silica marerial, was patented by 1aAS: ARC (ref. 13)

and scalea up to 2roduction v I¥SC in 22377. FRCI-12 {fibrou: Refractory Com-
posite Insulaticn at a density cf 12 lb!f:B) is a composite Ifiber RSI material.
During design, development, test, gnd, evaluatior ¢t Columbia, the need for
improved thermal protection tiles was recognized. St-onger, less dense tiles
more resistant to impact damage were desired. A ceramic tile matserial with these
characteristics, in addition to the other required properties, was invented

by the NASA ARC (ref. 14) and scaled up to production size billets by 1MSC

(ref. 15). This naterial, FRCI, composed of a blend of silica fibers and alum-
inum borosilicate fibers, is an cutgrowth of LI-900 and LI-2200 technologies
and basic research of high remperature material:.

wr

127 ft? density alli-

The two borosilicate coatings are Cilass ! and Class 2. The Class 1 (C03€C)
coating (ref. 16) is white and has a ratio of solar absorptance to total
hemispherical emittance between 0.2 and 2.4 from -170°F to 135°F, and a2
emittance 2 0.7 at 1200°F. The Class 2 or Reaction Cured Glass (RCG) coating
{ref. 17) is black, and has a total hemispherical emittance 2 0.8 at 23C0°F and

_a ratio of solar absorptance to total nemispherical emittance between 0.7 and
1.1 from 170°F to 250°F. It s used on LI-900 tiles that experieace surface
temperatures from 1200°F to 2300°F and all LI-2200 and FRCI-12 tiles.

1I-900 wes scaled up to product.on in 1975 anc the first production biliet

for Columwbia was fabricated in Septemher 1976. LI-2200 was izplemented as a

piluc plant operation to pro--ce about 100 tiles per c.obiter in October 1977.

] After the final tile deliver s were made for Columbia and Challenger, about
3000 +ile2s per orbiter were nade from LI-2200.

The pilct piact operaticn for FRCI-12 started in January 1979 under a con-
tract from NASA ARC (ref. i5). Facility modification and the scale-up to pro-
duction billet sizes started in Cectober 1979. The first FTRCI-12 production
billet for Discovery (OV-103) was produced in October 1981. Abour 2700 FRCI-12
tiles are scheduled for installation on Discovery and Atlantis (OV~104).

The processing paramzters involved in the production ol these materials are
Jescribed in reference 18.
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ARC

ATA

Billet

Breather Area

CADAM =

CAD/CAM

CATIA

Class & Cooting

Class 2 Coating

lass 1 Tile

Class 2 Tile

Class 4 Tile

Dry Density

FRCI

OF SYMBOLS AND ABBREVIATIONS

Applied Programmed Tool, a computer language
used to drive numerically controlled milling
machines

Ares Reszarch Center

Array tile assembly, which consists of a
polyurethane array frame loaded with tiles.

Tila IML': 27ve cut in the frame. The ATA is

used as a shipping container and for tile installa-
<ion on the orbiter.

A finished ‘piece of LI-900, LI-2200 or FRCI-12

The uncoated area on the sides of the tile that
starts at the coating terminator line and extends
to the tile IML. The breather arez allows air

to vent out during ascent to preclude a loss

of coating.

Lockheed Computer Aided Design and Manufacturing
system

Computer Aided Design/Computer Aided Manufacturing 4
A Computer—Graphics Aided Three-Dimensional
Interactive Application system developad by

Dassauli Aircraft in France

White coating used for temperatures of 1200°F
or less )

Black RCG coating used for temperatures between
1200° and 2300°T

LI-900 covered on the CML and sides with a
white borosilicate coating

LI-900 covered on the OML and s’de with a black
borosilicate coating (Class 2 coating)

LI-2200 covered on the OML and sides with a f
black borosilicate coating (Class 2 coating)

The density of zn LI-900, LI-22C0 or FRCI-12
billet prior to exposure tc the sintaring cycle

Fibrous Refractory Composite Insulation
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FRCI-12

FRST
GHP
ML

1P

LI-2200

LI-900

LMSC

Mylars

NC

Nested Tile

Nextel 312<:)
OML

0036B
0036C

0059

A rigid, composlite fiber insulation made of
78% silica fibers, 22% Nextel fibers with 3%
by weight of silicon carbide at an averags
density of 12.5 1b/ft3

Felt Reusable Surface Insulaticn
Guarded Hot Plate .
Inner Mold Line

In-plane direction which is perpendicular to
the through~the~thickness direction

. A rigid, all-silica fibrous insulation wich

about 2% by weight of silicon carbide at an
average density of 22 1b/ft3 -

A rigid, all-silica fibrous insulation with
an average density of 8.75 1b/ft3

Lockheed Missiles & Space Co. Inc.
Master Dimension
Master Limensions Intersections

Tile section cuts put on flexible heavy gaugea
plastic by Rockwell or LMSC and used by LMSC
inspectors to measure the sides of complex tiles

Numerical Comtrol

A tile that is irndividually measured for plan-
torm dimensions and has its IML cut while being
held in a polyurethane nest

Alumninum borosilicate fiber; a product of
Minnesota Mining and Manufacturing Co.

Outer Mold Line; exp riences aerodynamic
heating during ascent and reentry

The original :Zlass 1 coating; a dual iayer
coating consisting of porous optically adjusted
subcoat and fused glass top:oat

The present Class 1 coatingj a single layer
system that meets the optical property require-~
ments

The originel Class 2 coating; a fused silica
subcoat and a topcoat of 7930 frit at 8% B,05
with a silicon carbide emittance agent
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PTX Lot
RCC
RCG
RSI
STS

Terminator or Witness Line

TPS

A blend »f 20 Manviile silica fiber lots
Reinforced Carbon Carbon

Reaction Cured Glass (the Class 2 coating)
Reusable Surface Insulation

Space Transportation System

The line that is put on the sides of most t<les

to define the extent of the coating down the
sides

-

Thermal Protection System

-
Through-the-thickness cirection; also, the
pressing direction during the casting operaticnm
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REI LCCATTONS ON COLU:ZIA

Over 30,800 RST tiles were installed on Columbia by Rockwell.® About
18,500 of the 23,400 tiles made by IMSC were HRSI, which 1s either LI-900 or
LI-2200 with the Class 2 coating. The remaining 6000 tiles ware LRSI, which is 4
LI-300 with che Class 1 coating. The locations of the HRSI and LRSI tiles are "
shown in figure 1 along with the location of the RCC and FRSI. More details on
the compositicn of these materials and the installation procedures used for all
Orbiter TPS materials cam he found in referances 19 and 20.

LI-900 PPOCESS DESCRIPTION

] -
Materials

The principal component in LI-900 is all-amorphous silica fibers with an
average diameter of 1.2 to 1.4 microns and lengths to 1/4 inch. During develsp-
ment, a major goal was to obtain a stable material that resists devitrificatiomn
at elevated temperatures. This was accomplished in an extensiv: develorment
program with the fiber supplier, Manville Corporation. The final product,
Q-fiber, is amorphous silica with greater than 99.7 percent purity. These fibers
retain their amorphous structure wheo evpbsed to a temperature environment of
2500°F for extemded periods. The LI-900 system contains a colloidal silica
binder that requires extensive treatment to obtair the purity required for high- o2
temperature morphological stability. Q,

* Material Pretreatment

During the development of LI-900, certain pretreatment procedures were
developed to Improve uniformity and processability of the comstituent materials.
Maintaining urniform shrinkage characteristics was difficult early in the develop-
ment of the process. This was overcome by heat-treating the fiber before
processing it into billets. In additicn, unfiberized glass called "shot", if
not removed, causes high density, devitrified inclusions in the sintered material.
To eliminate the "chot", the fiber is slurried with deionized water and passed
through a hydro-cyclone cleaner (fig. 2). The cleaned fiber slurry 1is transferred
into a centrifugal extractor to remove excess water and to form a fiber "cake",
in preparatiom for final drying. Also, silica fiber lots received from Manville
exhibit --ariable fiber characteristics that cause variations in billet densities.
A blend of 20 Mamville lots, called a PTX lot, was developed to reduee”this
variability (fig. 3).

LI-900 Fabricaticn

The LI-9GC process flow is shown in figure 4. LI-900 billets are cast in Y
two sizes, 15 x 15 x €.5 inches and 10 x 20 x 7.3 inches. The operation is :
performed in an automated casting lirce. Preweighed amounts of fiber are loaded
into twenty-six hoppers on a carousel that automatically positions and empties
the btoppers sequentially. Originally, 4.9 1lbs of fiber were used for each
castirg. Later develcpment resulted in a change to 5.2 lbs of fi>er along with
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a reduced water to fiber ratio (fig. 5). These changes, plus others =3 be
described later, resulted in improved density distribution within the bdillets.

The fiber and a pre-determined quantity of water are combined in a taczik containing
a low shear mixer that uniformly disperses thz fiber with minimum chocping. At
the conclusion of the timed mix cycle, the slurry is automatically trznsferred
into a casting mold positioned directly below the miving tank.

Entrapped air bubbles are removed from the slurrv niior to compr =ssing the
billet to its final cast size. This is accomplished :7 a combination =f
vibration and stirring. Care must bc exercised during :u.s operatiorn =5 maintain
a homogeneous dispersion of the fiber. Watar is removed and the castizg is
compressed to a specified height in the volume adjustment cpe;at}oq. Concurrently,
a vacuum is applied to the bottom of the wmold to remove a specified quzantity of
water. At this stage, the standard billet centnins 5.2 1bs fiber and zpproximately
24 1bs of water. The nert step in the casting operation is the dispersion of a
colloidal silica binder in the compressed casting at the weight adjustzent
station. The binder solution components are automatically mixed and Z:ispensed
through metering pumps. The solution is dumped on top of the compressed billet
and a vacuum is applied to the bottom of the casting mold. The residuzl water
in the billet is displaced by the binder that is dispersed throughous =he casting
to a specified solids concentration. Upon removal from the mold, the wet billet
is weighed to prcvide a check that all steps of the casting operation were
performed correctly. The current method, described above, is an imprcvement
over the original method which excluded the void reduction and vacuum water
withdrawal (fig. 6).

§ ce maintaining a uniform distribution of the collcidal silica dinde- iu
the casting is Important to maintain uniform physical properties, a gelling
agent 1is used to set the binder and prevent it from migrating during ézving.
The billets are dried using either a conventional oven or a microwave Zrver. .
They are weighed after drying to assure that the specified amount of wzter is
remov .d pricr to sintering. Originally, the castings received a firs:z znd second
sintering with an additional binder addition between sinterings (fig. 3). Later
development resulted in a single sintering combined with tue change from 4.9
to 5.2 1bs of fiber. The result is an improvement in billet demsity distribution
and an increase in yield.

An additional improvement in average billet density was obtained with the
implementation of a fiber compact shrinkage test. A correlation between billet
density and sintering schedule was developed for each PTX lot (fiz. 7). This
allows adjustment of the sintering schedule to accommodate the PTX lot shrinkzge
characteristics which influence the billet density.

Origirally, the dried castings were sintered in specially designed 3-zone
tunnel kilns at a peak temperature of 2350°F. These kilns were used fro-m 1975
to 1982. Early in 1982, the sintering operaticns were transferred to elevator
kilns. Six side heating is dutilized in these kilns compared to five sife heating
in the previous kilms (rig. 6). This improves the strength distributiszm within
the biliets. The siatering schedule is adjusted to produce billets wizh ar
average density of 8.8 1b/ft> by adjusting the sintering time to accommoda:: the
?T{ lot shrinkage variations. '
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LI-2200 PROCESS DESCRIPTION

Materizals

LI-2200 is composed of amorphous silica (Q-fiber} and a small amount ==
silicon carbide powéer which provides addi-iemal thermal protection if the
material is exposed to excessive temperaturas due to coating loss at the zils=
outer surface. With LI-2200, the fiber hezct-treatment is vmitted, and onl>r the
hydro-cyclone cleaning is performed. Unti~ Jaruary 1981, the fiber cleani-z
was perforaed by an air bubbling procedure which was less efficient and less
reproducible than the present procedure.,

e -

LI-2200 Fabrication

The 1I1-2200 process flow is shown in figure 8. The billets are cast = 2
specially designed, manually operated casting tower in a 14.4 x 14.4 x 8 i=e=
size. The mixin, process differs from LI-3J0 in that the preweighed fibers =re
combined with water, SiC, and ammonium hydroxide into a VY-blender equipped wZth
an intensifier bar. Since LI-2200 requires a signiflrantly higher casting <=msity
than LI-900, the slurry requires some chopping action to obtain the necesszrT
fiber packing. After the blended slurry is transferred into the casting towe=r
and sealed, vuid elimination is accomplished by applying a high vacuum to tze
slurry prior to billet formation. The billet is formed by removing part of =%e

water by gravity drain, compressing the slurTy to a final thickness, and tiex
extracting additional water with vacuum.

The billets are dried in a batch oven zt &430°F for 16 hours.
of the LI-2200 is approximately 13 lb/ft3. Originally, this was the final
operation before sintering. However, the billets sometimes exhibited cracks
after sintering. An additional drying at 1COO°F for 12 hours was developed =zmd
implemei.ted in September 1981 to eliminate this problem. )

The dry cemsity

The LI-2200 is sintered in elevator kilns. The sintering schedule is s<milar .
te that used for LI-900, except that the peazk temperature is 2420°F. The sozx
time at geak temperature is adjurted to mairtain final densities within a 22
*2 1b/ft7 density range. Origirally, the sozk times were based on fiber chea=stry.
A more accurate method, based n fiber compact chrinkage, was developed and
implemented in June 1981.

FRCT-12 PROCESS DESCRIPTION

haterials

'S —~

FRCI-12 is a composite fiber material czataining amorphous silica (0-fZ=
and aluminum BLornsilicate fibers (Nextel 3123 it

» a product of Minnesota Mini=g
and Manufacturing Company) in a fused fiber =atrix. Silicon cartide powder s A
added for additiona’ thermal protection as ir is in LI-2200. Tne bulk silicz :

'7“

and Nextel fibers are Leat treated at 2200°F and 2000°F respe~tively to stabiTzz :
and standardize fiber croperties.

ac_.-Ze b4
Hydro-cyclone cleani=g is performed on ===
silica fibers to remove particulate contaminants, followed by drying.

a1y ek
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Fabrication

The FRCI-12 process flow is shown in figure 9, €Sili-3 and Nextel fiters
are intermixed ard cast into billets using a multi-stage, wet-slurry blending
process and automated casting equipment. Castings are dried using a combination
of microwave and convection-air ovens to achieve optizmum <rying rates. oty
castings are sintered in elevatcr kilns using microprocessor controllers to
achieve uniform, repeatable heating to the optimum sintering temperature
(approximately 2400°F). The optimum sintering temperzture varies as a metion
of FRCI composition and desired final density.

FRCI can be fabricated with a range of compositions and densities to allow
tailoring the materisl to a specific application. An FRCI formulation with a
density of 12 pounds per cubic foot and a silica.te Jextel fiber ratio of 78/22,
ideatified as FRCI-12, was developed to_ replace LI-2200. Other FRCI materials
with densities of 8 lb/ft3 and 20 lb/ft’3 have been produced. FRCI-12 tiles were
substituted for approximately 2764 LI-2200 tiles on the third orbiter, Discovery.
Substitvting FRCI-12 for LI-2200 saves approximately 870 pounds of veight per
orbiter due to the lcwer density of FRCI-12. Also the temsile strength design
value is increased by 50 percent, and the susceptibility to coatling impact
damage is reduced by eliminating residual tensilz strain in the coating due to
a better match in coefficient of thermal expansion between FRCI and tile coating
materi?ls.
*

Development of full-scale manufacturing processes for FRCI-12 required
considerable effort by many individuals within NASA, Rockwell Internatiomal,
and LMSC from October 1979 through October 1981. Several important lessons
were learned during this development about the inter-relationships between
processing and fundamental material properties. The development effort was
complicated by tpe requirement to produce a tile material to meet all the
existing requirements Of the baseline material, while also providing improvements
of significant importance to warrant replacemnent of proven materials.

The first significant FRCI problem was encountered éuring inirial scale-up
work on the NAS2-10134 contract. Nextel fibers did not readily disperse when
blended with silica fibers in the full-scale mixing equipment. Clumps of undis-
persed Nextel fibers, which varied from 1/8 ta 1/2 inches in lenmgth and werz
present in the sintered FRCI-12 material, caused unacceptable coating disconti-
nuities on finished tiles. The original laboratory method called for wetting
the Nextel fibers prior to introduction into a small lab-scale V-blender containing
silica fibers. This lab-scale equipment and procedure produced an acceptable
mixture of the two fibers in lab-size castings. However, when the same procedure
was used in full-scale production equipment, the Nextel fibers did not disperse
and Nextel clumps occurred in the finished material. An interim dispersion
method, only marginally acceptable, was devised for the pilot plant operaticn
conducted under NAS2-10134. Nextel fiber was preblended in water in 2 lab-s1ze
V-blender to break up Nextel clumps, mixed with an equal amount of silica fiber
in the same blender to prevent reaggregation of the Nextzl into clumps, amrd then
blended with the remaining silica fiber in the full-scale blender to produce 3
slurry with suitable characteristics for casting. This Interin dispersion method
reduced the number and size of clumps in the finished material, but the method
was not considered suitable for full-scale production due to the need for
considerable coating touch-up. A hizh-speed, high-shear blender was substituted
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for the small V-blender for preblending nperations in the final production croces:.
As shown in figure 10, use of the high-shear mixer for preblending Next~l fZders
totally elimirated Nextel clumps in finished tiles (ref. 21).

The second significant problem was encountered during characterization
testing of the pilot-plant material. The apparent! thermal conductivity of the
pilot-plant FRCI-12 was higher than the LI-900 base line value. Rockwell's
criterion for substitutisn of any material for LI-900 or LI-2200 was that tk=
thermal response must be equal to or lower than that of LI-9C0. A guarded not
plate (GHP) apparatus is normally used to characterize the therzal
conductivity of a material. Measurements can be obtained over z wide range =i
temperatures znd pressur2s to establish design values. However, the *18%
uncertainty band asso.iated with GHP data makes comparative mcasurements on
different specimens, with minor variations in thermal conductivity, uncertain.
Comparative measurements are more easily accommodated with the instrumented
tile method (ref. 23) shown in figure 11. Tiles tabricated from different
materials can be tested side-by-side in a radiant heating environment at red=ced
pressures. Eifther steady-state or transient heating conditions can®e simulazed.
This method yields more reliable comparative results than the GHP method which
is 1imited to testing onme material ot a time. Apparent thermal conductivity
values for laboratory FRCI-12 were much lower than the pilot-plaat FRCI- 12,
but still higher than LI-900, indicating that some key parameter(s) =ust have
been inadverteatly varied during scale-up. An investigation of the effects of
various compositional and processing variables on FRCI-12 properties showed
that apparent thermal conductivity can be affected by several factors, the mcst
important being density change during the billet sintering cycle (ref. 24).
Pilot-plant FRCI-12 experienced a density change of 5.5 1b/fe3 during sintering,
whereas laboratory material experienced a change of 4 1b/ft3. Full-scale
production FRCI-12, which has' acceptable apparent thermai conductivity (ref. 25),
experiences oniy a 2 1b/fe3 density change. Reducing the density change durinag
sintering was accomplished by use of the high dry density concept, producing
castings with increased fiber content (i.e. more fibers per unit volume) and
sintering at a2 lower temperature for a shorter time (fig. 12). Reducing the tima/
temperature profile durirg sintering caused a reduction in average tensile sctrengtt
of the material compared with pilot-plant material. However, use of six-sided
heating in the kiln in place of the five-sided heating resulted in a more
uniform strength distribution within the billets and provided design tensile
strength values nearly equal to the pilot plant values by lowering the deviation.

Another 51gnif1cant develnpment problem was encounterzd when attempts to
achieve FRCI-8 (8 1b/ft3) thermal conductiviry equivalent to LI-900 were
unsuccessful. Minimizing the change in density during sintering was not
sufficient to produce FRCI-8 with acceptable thermal conductivity. A combinazion
with other, less significant, thermal conductivity "drivers" was necessary.
Experiments showed that reducing the Nextel fiber concentration in the material
formulation and reducing the size of the silicon carbide particles in the material,
provided the additicnal reduction in thermal conductivity that was required
(ref. 26) Pllot—plcnt FRCI-8 experienced a change in density durmg sintering
of 2.5.1b/ft3 » has a silica to Nextel fiber ratio of 78/22, and contained
320 mesh €1licon carbide particles. Full-scale FRCI-8, which has acceptable

1 For porous materials, the term apparent thermal conductivity is used to dezote
heat transfer within tte materiszl by solid conduction, gas conduction and
rsdiation (ref. 22).
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‘hermal conductivity, experiences only a 1.5 lb/ft3 change ir demnsity, has 2
:ilica to Nextel fiber ratio of 85/15, and coptains 600 mesh silicon carbice
yarticles. Reducing the change in density during sintering was accomplished by -
yroducing castings with higher' dry density and sintering at a lower temperature
‘or a shorter time (fig. 13). Reducing the time/temperature profile during
sintering and reducing the concentration of Nextel fibers in the formulation
-esulted in lower average strength for the full-scale material compared wath

-he pilot-plant FRCI-8. However, use of six side heating in the kilin instzad

Jf five side heating, and increasing the heat—up rate to the sintering cemperature
{to minimize shrinkage during heat-up and maximize time above the critical Ziber
sonding temperature of 2350°F) resulted in a more uniform strength distribution
sithin the billets and provided design allowable strength values nearly equal

to pilot plant values.

TILE PROCESS FLOW

The sequence of operations performed after the insulation material is cut
into cubes is shown in figure 14. After the tiles are machined, they are heat:
cleaned to remove organic contaminants, masked to allow an uncoated breather
space area along the lower perimeter adjacent to the IML, sprayed with Class. 1
or Class 2 coating and sintered at 2100 to 2250°F in an Ipsen tunnel-heatrth
roller kiln. after vacuum waterproofing with a methyl trimethoxy silane (Dow
Corning DC 6070), the tile identification number is painted on the OML and the
tiles are checked dimensionally as required prior to the IML cuts. P

The tile TML cut is performed either individually, which is called a ¢
"nested" tile, or on a group of tiles simultaneously in an array frame, which is
known as an ATA.

The dimencions of a nested tile are checked as required prior to the ML
cut. The dimensions of the ATA tiles are checked by the.r ability to fit into
a premeasured polyurethane array frame with the required tile-to-tile gaps, which
are generally 0.045 +0.016 inch on the lower wings and fuselage and 0.055 +0.016
inch on the upper wings, fuselage and verticai fin.

ENGINEERING

Engineering Data Flow

Engineering data, which is used tc define the tile and array frame geometTies,
is received from Rcckwell in the form of engineering assembly drawvings, tile
boundjng plane data and inner/outer mold line data (fig. 15). Only 115 of the
23,400 tiles that Lockheed made for OV-102 are defined by converft ional engineering
drawings. The'mold line data can be vepresented by points (X, ¥, 2 coordiaates) anZ
corresponding normai vectors (MDPI data), and recorded un 2 magnetic tape znd/or cor-
tained as surface definitions described in the Master Dimensions Specificarion Book,
Document No. MD-V70, Rockwell International. The MDI data are trans forzed from an
orbiter coordinate system to a local tile/array coordinate system that is compatiblz
with the APT language. These transformed data are stored in a geometry file that is
accessed by the NC programaer for use in preparing the part program to machine tiles.
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A tile machining drawing is used to determine the proper tile shrinkage compens e—
tion factor (see Tile Measurement and Shioming Methods saction) to include ip Toe
zile part program.

The geometry file, which covtains the tile boundary planes and the OML
and IML surfaces, is also used to write the NC part pProgram to machine the array
irame. LMSC fabricated 729 array frames for Columbia. Product Assurance
“aspection Standards are also prepared for ucse in inspection of the tiles on the
lordax zeasuring machines.

Master Dimension Refinements

Almost 18,500 of the 23,400 tiles LMSC made for OV-102 were DI tiles,
which are definedin a grid of X, 7, Z coordinates andccarresponding normal
vectors. The remaining tiles ars the more complex MD tiles, which have their
22ometries Zefined in the Master Jimensions Specifications vock. Substantial
refinements have occurred in the proceduves used to define rle 4500 MD tiles.
Criginally, hand calculators or personal computers were usedl po calculate points
= approximate coaplex surfoces, rile and array ccrner points, Product Assurance
Inspection Standards, and points to check the accuracy of inspectioa aids
{srlars) furnished by Rockwell (table I). Surfaces which could not be ana-
lrtically defined were approximated by calculating points and passing a curve
through these points. -

Software, in the form of APT and FORTRAN computer programs, is now being
used to calculate tile and array cormer points and to provide accurate blank
sizes. Additional scftware and a CAD/CAM svstem are both used to develop -and
cteck the accuracy of cemplex surfaces. This sarle CAD/CAM system is used to
provide mylars to check hard-to-iaspect tiles, raducing the time required for
tile inspection.” The accuracy of certain Rockwell furnished mylars 1s checked
at LMSC using che CAD/CAM System if a discrepancy is noted duricg the inspection
process.

Myiars were seldom used for Columbia tiles. However, for*Challenger and
Cisfovery, mylars were used extensively for hard-to-measure tiles. For example,
123 complex hinge cover tiles, which contain conical surfaces, ruled surfaces
and through holes, were recently delivered for Discovery ahead of schedule.

This success was due to a joint LMSC-RI effort to make 28 mylars that were used
ts iInspect these tiles.

NC Programming Refinements

Initially, an attempt was made to automate *tile programming by using a cut
Facage to program each family of tiles (table II). Each wminor difference in tile
gecaetry required a different cut package which was inefficient and often diffi-
cult to use. Limited xnowledge of the unusual and complex surfaces involved
nade the programming task very diffieult and time consuming. Prograczer s
eéxperienced many failurag before heing able o visvalize a tile, working frco
Just the master dimensiong data. .t required 90 NC precgrammers workiag for ten
months, using more than 16( lisurs rer week of Univac 1108 computer time. An

~

interactive graphics S¥stel was aot availsul- to program tiles,
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Tiles with planar sides werg programr:ed zs planar surfzces. This resulted
iz corner shrinkage when the tile coating was glazed (see =4ile Sarinkage section).
Cme cutting icol was used to machine most tilss. Since no -patiag terminator
1ina was machined ~n compler tiles, problems were encounterad wken these tiles
were masked for sprayiag and a higs rejectioz occurred for ~iles with iasuffi-
~iant breather av=3 (fig. 16). The use of g:fferent fixtuzas o locate different
size blanks on the three Danley Corp. NC mac-ines caused 2 —elatively =igh
-ercentage cf tilzs to be scrapped due to opsratcT errcr j= loczcing t=e

slank.

Programming and tile machininy are now more efficient due =o kncw_z2dge and
experiencs gained over the life cf the pcogr™m- sbout 60CO tool tries vJere
required to develop the proper part progracs for the tiles on Cslumbia. About
1400 =col tries were required in connection with design ck=nges ot Challenger

and about 600 tool tries as a result of dasign changes we=2 rzguired om
Jiscovery. Planar sides are novw programmed as cylinders +ith $00-inch radii

to reduce tile corner shrinkage. About 30 ziectroplated c4iamond tools ranging

in diameter from i/8 to 2 inches were desigzed during the first year of production
and are now used to reduce machining time. A eoating terminator line is now

added to most complex tiles to facilitate coaticg spraying and reduce the number
of tiles scrapped or reworked due to {ncorract breather area. <The sare fixture is
also used on the NC mills to locate all blasks, regardless of size. This change hzs
greatly decreased the number of tiles scrapped wecause of operator error in
locating the blank on the bed of the NC macaine.-

Interact ive Grapkics

The recent use of an {interactive grapiics systes (CATIA) to program the
redesizn of specific complex tiles has demcostrated that this nethod of programm—
ing reduces the number of tool tries requized before an zcceptabie part can be
made. The NC programmer bLas che ability t2 replay the cutter zozion cn the
graphics system terminal and correct any eITTors obsarved prioT to machining the
first tocl try-.

The expanded use of an interactive graphics system zpr the redesign of the
more coxplex HRSI tiles would markedly raéace both the cost aad time required
+o manufacture these tiles (fig. 17). An example of how this system would work
follows. A three dimensional engineering podei of a given tile 1s constructed
on the system. The tile model can be rotzted om the t~rminal scope, showing
all facets and all surface intersecticas. The model is then sccessed, the cutter
sotion is added, the cutter motion is replayed ro check for and corzect errors,
ard then a tape is produced and sent to t=e machine skep for a tool try. Any
errors encountered during the tool try czx be easily corrected using the same
eng 'neering model. However, as the NC programmer becomes moTe proficient with
the 2-D model, this sequence should minimize the mmber of tcol tries. In
addit'on, Product Assurance can access ths same enginee—ing aodel and extract
the aroributes necessary to inspect the tile.

BOROS TLICLTE CCATINGS

Class I Coaring

Developnent of the Class 1 (white) coating was & significant challenge



because of the stringent cptical preperty and weight requirements. T=e optical
prozerty requirements are a ratic of solar absorptance te total hemispherical
emittance between 0.2 and 0.4, to achieve low temperatures while on othit, and
an emittance of 0.7 at 1200°F to allow maximum re-radiation of the comvective
heating energy during reentry (fig. 18). An intensive development program was
successful in producing a cual layer coating that was started in production in
Octoper 1977. This coating (0036B) consisted of a fused, water-imp~T2us
topcoat of clear glass plus zinc oxide, over a porous sudbcoat that ccatained
aluainua oxide for high refl:ctance and silicon carbide for high emitzance.
The subcsat reguired drying at 13CG°F prior to spraying the tupcoat. Afrer
bot: layers were applied, zlazing at 2100°F was required to produce z water-
impzrvicus, dual layer coating.

In aid 1978, effort was directed toward combining the dual layers while
retzininz both the optical properties and the water imperviousnggs. = single
layer coating (0036C) was successfully developed, qualified and impleoented
intc prcduction in early 1978. During this period, the maximum coatiz=g weight
requirement was increased from 0.09 to 0.12 1o/ft? to alleviate a coating
cracking problem which was wiavoidable with a 0.008 inch thick coating. This
coating was successfully applied to about 5700 tiles fot orbiter 102. For
Challenger, OV-039, the maximum coating weight requirement was increased to

. 0.17 1b/ft2, while in production for OV-102, a major water imperviousmess
problem affected the Class 1 coating. A three month investigation Tevealed that
the cause was large frit particle size that precluded complete fusiom {ref. 27).
A complete partinle size distribution requirement was determined and ZImposed on
the frit supplier. Corning Glass Works. Particle size controls were also
instituted for the coating slurry (fig. 19) to assure complete fusion during

the 2100°F coating zlazing cycle. . .

Class Z.Coating .
The Class 2 (Gray) coating (0050), developed in 1974 (fig. 20), was a dual

layer system that contained Corning 7930 frit with a borla content of 3% and a

$ilicon carbide emittance agent. Because of a high coating residual temsile strain

(values of 200-300 microinches per inch), crack propagation was not inhibited. This

coating was replaced in June 1576 with a NASA ARC-patented Reaction Cured Glass

(RCG) coating. The RCG coating is a single layer system that meets all the

optical sroperty requirements and also has lower coating residual temsile strainms.

It was izplemented into production in May 1976 and was used on 195 tiles that were

installed on the lower mid-fuselage of the Enterprise, which was used for all

the subscnic aerodynamic tests at the NASA Dryden Flight Research Center.

Subsequeatly (ref. 28), the RCG coating was shown to be suscep:ible to both

coz-ing impact damage and crack propagation. However, this susceptibility is

probably common to any thin glass ~oating; RCG is a single laver ~cating system

that was easy to scale up to a production operation «ud wnich proved to be

repairable when damage occurred.

. The Class 2 frit used in the RCG coating also encountered a particle size
anecmaly in January 1976 when the coating process was transferred to LMSC frem
NAS: ARC (ref. 29). Examples of coating anomalies that are ~aused by toc many
fines (particle size less than 1 micron) are shown on the left side of figure 19.
Within 2 mcnths after the implementation of both the Class 1 and Class 2 ccatings
into the production facility, boch frits and slurries were controlled by full '
particle size distribution requirements (ref. 30).
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Universal Patch

Rigidized fibrous insulatiown is subject to cas:ting voids and to scratches
and gouges during handling. The fnitrial method for Zilling these voids was t2
£111 them with cured silica slip Zor Class 1 coated :iles and with RCG coating
for Class 2 coated tiles. This process required mul-iple fill and drying
cycles. Also, there was concern that the dense fills could vibrate loose, and
further enlarge the voids.

A

A universal patch material was developed that Zas a Ze-
equal to that of the tile, is applizable to both silica and iles, is
compatible with _he coatirg glazing cycle, is capabls of repaziring tile edges
and corners, and is easily and rapidly applied. Fzisting, approved Shuttle
materials which are used to compcund the patch material are silica fibers,
colloidal silica, acrylate solutionm, deionized water, and a combination of
fuchsin and methyline blue djes. The slurry is simoly piaced into a"3cid at
twice the void volume, znd flattened with a teflon spatula. after patching, the
tile is dried at 1200°F for 8 mirmtes, and is then ready for coating. Full
patch cure occurs during coating glazing. Excellen: bonding of patch to tile
has been demonstrated, and no crystallization occurs from evjosure to a tempera-
ture of 2300°F for 15 hours. The scrap rate for dazaged tiles was significantly
reduced after this procedure was introduced into producticn. T ’

Tile Cecating Applicatiza

Class 1 and Class 2 borosilicate glass coatings are applied to tile blanks
by spray application of a slurry. Tile blanks are szet up on holding fixtures,
nasked to provide a breather space near the IML surface, and patched as.necessary
to cover surface deformities. CXass 1 tiles are seal-coated with a suspensicn
of ¢cu1loidal silica in water and dried prior to appiication of the cecating.

Class 2 tiles are wetted with alcohel prior to application of the conting.

The amoun* of slurry applied to each tile is csatrollsd Ly maintaining
slurry viscosity, line pressure, and the aumber of coats witzin predetermined
limits. The coating weight is determined "wet' anc 3 conversion factor is
applied to _calcvlate "dry" weight. Coating weights are tctween 0.07 and
0.17 15/ft2 for Class 1 tiles and between 0.09 and .17 1b/ft? for Class 2
tiles. The correspcnding coating thicknesses are 5 to 15 mils for Class-1

tiles and 8 to 15 mils for Class 2 tiles.

Several significant problems with the coating process were encountered
during production of ti'es for Columbia. One problem involved robot sprayar:
which were initially used in 1977 to coat the less complex tiles. Le first
3000 to 4000 tiles, primarily Class 2, that were ccated using the robots had
excessively high reject and/or rework rates for cozting deficiencies such as
runs, non-uniformity and excess or insufficient coating thickndss. Extensive
experimentaticn with adjustnents and programming oI the robots indicated that )
the following problems could not be resolved with -ie eristent capabilities of .
these fir.t generation robots: _ -

1. ~'They were unable to accommodate minor variatiozxs ir viscosity typically
encountered with production Satches of slurry.



2. There was nc capability to change the spead of the rsbot from that used
during the programming (teaching) phase.

3. Rotots used twice as much slurry as manual spraying [i.e. only 45 tiles per
5 gallon batch were sprayed coapared to as many as 20-1800 tiles per batch
for manual spraying).

4. The cassette tapes used to contrc_ the robots were not interchangeable
besween robots so each robot had tc be taught (programmed) individuallz.

5. Tizt on the tape heads caused unplanned and uncontrollable motion in the
rctots.

6. There was no feedback loop In the system during the ;roductiorn spraying
phase that could chanzz the speed or the rate at witich the slurry was bei-2
sprayed. e -

It was Zound that experienced coating techniciins could zccommodate the varia-

tions ia tile geometry and slurry viscosity ard provide 2 yield in excess of 22

for this operation (fig. 21). Yse of robots was discontinued for spraying

preduction tiles in March 1979. Curreat, more <aphisticated robots, with
advanced technology such as control by floppy disk or cemputer, and active
feedback loops, could probably handle the mechanical prodlems. However, the
ability to distinguisn subtle changes in slurry viscosity and apply in-precess
corrections still appears io be handled best by skilled cperators. A qualified
sprayer can adjust the spraying speed to overcome any subtle changes in viscosity
and can alsc touch up the tile as required at any time ir the spraying sequencs.

Another significant problem was high rejection rate for coating weight
discrepancfes. Coating weights were initially determined after glazing. Excess
or insufficient crating caused the tile to be scrapped. A method of determiniag
the coating weight while still "wet" was developed. The "wet weight" 1is .
determined by the operator and corrections are made if necessary before the ccating
dites. Underweight tiles receive an extra coat of slurry and overweight »
tiles are stripped zrd recoated (fig. 2. . Another problem was changes in sluzry
vigcozity wizh time. Slurry viscosity de raded with time to the poiat where it
was tuo "thin" to be sprayed without running and sagging. Investigation showed
that trzce amounts of ironm contamination were introduced by processing equipmeat
at zhe frit manufacturer's productinn facility. The iren oxidized with time
{.: the z=ade-up slurry at LMSC, destabilizing the particle suspension. A heat
treating procedure at 1000°F was used initially to oxidize the irom before making
the coating slurries. Later the cource of the iron contamination at the
marufacturer was identified and eiiminated.

Another significant problem was wide variation in tile shrinkage rate amd

. gree of coating fusion. Investigation showed that a narrow and répeatable
aperature rTange is required to provide the desired dimensional tolerances

and un. .rm degree of fusion. The degree of fusion not only afiects appearancs,
but alsoc water imperviousness. The original glazing kilns (stage tunnel kilrs;
were not capable of holding the desired temperat-re tolerances. Tunnel heartkt
rolTer ¥ilns (Ipsen Inc.) were obtained that maintain temperatures within
*+10°F between 2100 and 2308°F. Tile glazing problems were virtually eliminated
by using these kilms. 4

H
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Tile Waterproofing

Initially, the tiles wewve rendered hydrophobic (waterproof) by immersior
in a hexamethyl ~ disilazane silicone/freon solution. Tile weight gain was
about 1.0 percent. Several hundred grams of freon solvent evaporated from
each tile during thermal exposure. The process provided good water imper-
viousness, out left a dark, carbonacecus rosidue when heated to between
800° and 1000°F, resulting in an increase in the ratio of zo0lar absorprance
to hemispherical emittauce to above the 0.4 specification limit.

The present method involves release of a trimethoxysilane vapor into a
vacuum chzmber containing the tiles. The tile weight gain is only 0.1 percent.
Also, the material sublimes in a char-free condition, and no changg in optical
properties is encountered.

Tile Strinkage

During the development of LI-900, dimensional control had nct been
identified as a problem since little was known about tile gap heating, and the
~i{le dimensional tolerances were nnt defined. Tile shrinkage and warpage
were not fully understood and the significant factors that influence =ile

*behavior during the glazing cycle were mot known. K

In 1976 a series of test programs led to the realization that tile
shrinkage could be correlated to a single factor, tile thickn:ss, if all other
parameters were held constant. This knowledge was aided by the utilization
of precision Bendix Cordax machines, which provide accurate, sepeatable mrasure-
ment data for each tile. This enabled Lockheed engineers to Jevelop a ciear
and complete plcture of tile dimensional changes du%ing glazing.

The initial results showed that tile length or width chaages were relatec
to the glazed tile thickness. 4 best-fit, least-squares logarithmic equation
was developed using the available data. Reference 31 describes the details o
this activity.

A plot of the basic offset equation, which reflects the use of the Richmond
IIT glass melt, is shown in figure 23. Notice that the curve crosses the dashed
line of zero shrinkage at a sintered tile thickness of 2.1 inch. This means
that "thin" tiles experience a net shrinkage, while thick tiles "grow" due to
addition of the coating on the sides.

The basic offset equation was used for most of the 15,000 NC tile part
programs thatr Lockheed wrote for OV-102. These programs are relatively expen-
sive software and are not easily changed. After 2 new glass melt, Waterville 1,
was put into use, it was discovered thattiles made from the new glass melt
fibers did nor shrink the same as tiles from the orfginal Rictmond TTT glass
zelt. Therefore, another test program was conducted and a new offset equatiun
was develeoped.

A plot of this new equation is shewn in figure 23. Waterviile 1 tiles
shrink more then Richmond IIT tiles. The difference is significant when com-
pared to the allowable side tolerance of *.008 inch. Since it was not cost-
effective to revise the NC part programs to cOorrect for the increased shrinkage
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of *he new melt, it was decided to continue using the existing NC software and
to apply an offset correction at the time the tile is machined. Figure 23
skows the offset for a given glazed tile thickmess. A table of tile machining
offsets was developed and implemented by entering a letter ceode on the TBM
travel card that accompanies each tile. New softuvare was written which allowed
tne NC machine to "read" the letter code and apply the corresponding offset

to each tile side during machining.

As new glass melts were introduced into the manufacturing process, test
srograms were conducted to develop the appropriate offset tables (ref. 1) .
To dare, seven melts have been used for all orbiters and an eighth melt is teing
przcessed. Approximately 110,000 tiles have been made from these melts to date.

TPS tiles were originally machined with planar vertical sides. Subsequent
shrinkage investigctions ra2vealed that special offsets were necessary to ontrol
shrinkage during coating glazing (fig. 24). These speciél offsets are classi-
fied Into three categoriles: planar, which is the type of shrinkage discussed
above, side-slope and radius-type compensation. The planar type shrinkage,
which is the largest of the three, accommodates planform shrinkage during the
glazing cycle. The side-slope and radius compensations are smaller iIn magnitude
and accommodate distortion shrinkages. The side-slope distortion occurs because
the OML edge shrinks more than the base of the tile. Radius -compensation is
necessary because the cormers shrink more than the middle sile of the tile.

211 adjustments are made in an equal and opposite sense and constitute typical
adjustments made tc NC machine part programs.

The soluticn to the side slope distortien problem was simple and ecoromical.
Since the original part programs used the coating terminator line as the drive
path, a conically shaped tool having the same diameter at the tip as the b
cylindrical tool was designed (fig. 26). The cone angle was designed to give
optimum offset to a majority of tiles that were manufactured by LMSC. With
the saze diameter at the tip as the cylindrical tool, the same part programs
could be used with no changes.

1he vadius type compensation is made by simply machining a cylinder through
a point at the center of the tile side. This results in more material left
at the corners to accommodate the "pillow" type distortiom.

During the early stages of Columbia tile delivery, simple (square-flat)
tiles were manufactured. When more complicated tiles were fabricated, dimen-—
sional problems occurred. Tiles whose sides were not parallel or normal to

each other (i.e., tiies with a wrap-around OML) had a high dimensional rejectior
rate. An investigatiou revealed that the shrinkage normal to the in-plane direc-

tion, which #s defined as the through—the-thickness direction, is about three
+imes larger than the In-piane shrinkage (fig. 27). The ia-plane direction
ysually denctes a plame that Is parallel to the orbiter surface. The shrinkage
and distartioa of these surfaces follow a complex relationship. Since the
numerically controlled machines have limitations in application of antomatic
offsets to only the iu-plane direction, which usually lies parallel “to the
wachine bed, no letter offset method exiats to adjust the part programs. As a
resulc, a fixed offset is used in the NC pert program for through-the~thickness
shrinkage corrections. For example, all elevon cove tiles receive a fixed
through—-the-thickness offsat for a specific silica glass melt. Wraparound and
step tiles are treated in a similar manner (fig. 27).
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Tile Measurement and Shimming Methods

Most of the OV-102 tiles had to be measured and verified for planform
dimensional conformance prior to loading into array frames to machine the ]
IML (fig. 14). Consequently, an automated system to measure tiles was imple- -
mented. Two Cordax measuring devices were programmed to automatically summon
the inspection standards from a host computer, locate the tile on the machine Y
bec and automatically determine the acceptability of the tile by using a series ’
of 6 to 12 predetermined touch points on the tile sides, and 5 touch poiats on
the OML surface.

The average time to measure a tile using a Cordax machine is 5 to 15
minutes. Another device, the "maxi-measure" (fig. 28) was developed to reduge,
rhe load on the Cordax measureuent machines. This device consists of two parallel
plates that measure the maximum dimension of tiles with parallel sides. The
average meascrement time for the "maxi-measure’ device is less than cae minute.

After about 70% of ihe tiles were fabricatea for OV-102 tte "load-and-go"
concept was implemented to reltce the time required to dimensionally inspect
tiles and to increase the rate of ATA deliveries to Rockwell. As shown in
figure 29, the concept consists of an in.+1a]l measurement of the array frames
with aluminum templates or by probe cn a large hed NC mill. The tiles are |
then loaded into the frame and shimmed tc the prope: °aps. If the proper tile- )
to-tile gzaps are obtained, the IML's of all tiles in the array are cut as a group
on one of the two large bed NC mills. The ATA's are then shipped to Rockwell.

The advantages of the "load-and-go' concept are: 4

1. The number of tiles that must. be checked for planform dimensions is greatly
reduced.

2. Tile planform dimensional outages greater than *.015 inch per side are
allowed but the proper tile-to-tile gaps are maintained, and the overall
array dimensions are to print.

3. ATA's that did not shim to the minimum tile-to-tile gap were reworked by
refiring an entire row of oversizad tiles to reduce their planform dimensions
(Fig. 30).

4. 1If thke ATA cannot be shimmed to the maximum tile~to-tile gap selected,
tiles are remade to allow the ATA to shim properly.

For OV-102, about 3600 tiles were shipped to Rockwell in 170 ATA's using the
"]oad-and-go" concept. For 0V-0399, which was the first shipset to nse the
"load-and-go" concept for all AFA's, 3,200 tiles were shipped as nested tiles
and 20,500 tiles were loaded into 745 ATA's under the "load-and-go" concert. :
Fo1 Orbiters 103 and 104, which have about 18,200 LMSC «iles, about 2,100 tiles §
are nested and 15,800 tile$ will be loaded into 535 arrays under the "load-
and-go" concept.

Materizl Physical Properties

LMSC has had respoasibility for material characterization tests of all
the ceramic RSI materials. Rockwell has had responsibility for performing the
systems tests on all RSI materials including RCC and FRSI. Figure 31 skows
typical average room iLcmperature physical properties developed by LMSC Iar
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LI-900, LI-2200 and FRCI-12. More detailed data along with values at both
elevated and cryogenic temperatures can be obtazined in refeivence 19.

CONCLUDING REMARKS

This paper has presented a multitudc of lessons learned in the development
and scale-up to production of three ceramic RSI materials and two borosilicate
coatings that were used in the manufacture of tiles for the firsc three or-
biters: Columbla (late 1976 to early 1979), Ciallenger (April 1579 to March
1982), and Discovery (March 1982 to present). These improved mechods, which
arz summarized in Table III, are presently being used in the fabrication of
tiles for Atlantis, the fourth orbiter.

The effectiveness of the lessons learned 1is revealed in the overall tile
yields: 487 for about 23,400 ciles for Columbia, 81% for about 23,800 tiles
for Challerger and 88% for about 18,200 tiles for Discovery. With the dele-
tion of certain planfo.m measurements of nested tiles cn 1 February 1983 as
a result of an expanded process control program, the overall yield on Atlantis
tiles is expected to be about 99%. While some of the increase in yield can
be attributed tc modified requirements, the majority of the yield increase is
due to the improved methods discussed herein, primarily the aidition =f coating
terninator lines on most tiles, the addition of homing devicss on the NC mills,

the reliance cn real time process control for coating weight, and the "load-
and-go'" concept.

£xperience since the start of production in October 1976 has shown that
ceramic fiber reusable surface insulations still retain some "art™ in their
fabricatign processes as opposed to all "science". Consequently, making a
consistent, repeatable product reguires good process control and all changes

to the process must be thoroughly evaluated pricr to implementatioa and tightlws
contrelled after implementation.

Another lesson that has been Zllustrated through the development of LI-900
“(ref. 12), LI-2200 (ref. 13) and FRCI-12 (ref. 15) is that the RST materials
can be "tailored" to the application as with fiber-reinfcrced composites.
This "tailoring" is also evidenced in the recent advanced studies of FRCI
1sing ratios of Nextel to silica of up to 80/20 (ref. 32). Hence, these
fanilies of RSI materials offer the designer a very flexible design concept.

Tinally, if LMSC were to introduce a new, man-rated ceramic RSI material
inte pioduction for an adwvanced Shuttle cr Orbital Transfer VehicZe, the
ainimum- changes that would be introduced are:

o Vacuun degassing of casting slurries

o Addition of silicon carbide particles to the billets for emittazce retention
of the BSI in the event of coating loss during entry

o Use cf z2n interzctive graphics system like CATIA or CAD:M for the design of
tile geomeiries ands to provide an automa*ed method to write NC rart programs

o 1Iaplementation of real-tire procuss contrsl in critical manufacturing areas
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o Consideration of different coatiug and tile concepts if rewaterproofing is
required after every fiight (i.e., tilee with larger planform dimensiIons
and fewer if any material shrinkage problems in the absence of a coating
glazing cycle)
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TABLE I.- MASTER DIMENSIOGNS REFINEMENTS

CRIGINAL METHOD

® HAND CALCULATICN OF TILE CORNER
POIN7TS & PA STANDARDS.

® HAND CALCULATION OF BLANK SiZES.
® APPROXIMATION OF COMPLEX SURFACES.
PRODUCT ASSURANCE POINTS FOR

HARD-TC-INSPECT TILES.

® HAND CALCULATIONM DFPOINTS TO
CHECK HOCKWELL MYLARS.

IMPROVED METHGD

N-O DEVELOPED SOFTWARE TD
CALCULATE CORNER POINTS & PA
STANDARDS.

SOFTWARE DEVELOPED TO PROVIDE
BLANK SIZES.

CAL/CAM DEVELOPMENT & CHECK OF
COMPLEX SURFACES.

» CAD/CAMDEVELOPED MYLARS TO

INSPECT COMPLEX TILES.

CAD/CAM CHECK OF ROCKWELL MYLARS.

TABLE II.- NC PROGRAMMING REFINEMENTS

ORIGINAL METHCD

* CRUDE CUT PACKAGES TO PROGRAM TILE
FAMILIES.

ONEINCH DIAMETER CUTTER USED FOR
MOST MACHIMING.

NO COATING L:NECN COMPLEX TILES.

SEPARATE FIXTURES FOR DIFFERENT
BLANK SIZES.

® PLANAR SIDER PROGRAMMED AS PLANAR
SURFACES.

LIMITFD KNOWLEDGE OF COMPLEX
SURFACES. :

& LIMITED USE OF CAD/CAM SYSTEM TO
PROGRAM TILES.

e NO CHECK FOR REFERENCE POINT

IMPROVED METHOD
OPTIMIZED CUT PACKAGES TO
FACILITATE PROGRAMMING & REDUCE
COMPUTER RUN TIMF.

ABOUT 30 CUTTER GEOMETRIES WERE
USED TO REDUCE MACHINE TIME

COATING TERMINATOR LINE ADDED TO
COMPLEX TILES REDUCED SCRAP.

SAME FIXTURE FOR ALL BLANKS REDUCED
SCRAP.

FLANAR SIDES PROGRAMMED AS
CYLINDERS TO REDUCE CORNER
SHRINKAGE.

EXPERIENCE REDUCED PROGRAMMING &
MACHINING TIME.

CAD/CAM SYSTEM SHOULD REDUCETOOL
TRIES.

HOMING DEVICES INSTALLED ON N/C
MILLS ASSURE PROPER REFERENCE POINT

2¢1
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TAELE II1.- A SUMMARY OF LESSONS LEARNED

CRINAL PACZE €
N METICLS OF POOR QUI\LITY

Manville silics 7ibers vprovides tuzzer mazerial mafforaiie..

2 A 10 blend

s Tre of a hwro-cirice removes mvaired glass g from Ihe silica filer lzts.

3 Dua' stage aglitatize -f Nexte. fiters eliminates Iiler sl.amplag (n FRCI-IZ Sillers.

IILLET CASTINC AND ST AINC METRICS

o Precursor sillca fi:#r lor comact T&ETs allow serser Trediction of production biller

dintering teguireserts.

3 Zltatnation 5f an cermedlaze zillec sinteriny :7cle fiv oI-30 wae suczessfully accoaplished.

v lzplemenzation of +vrid reduciiim azi TEBIUUEM 2fi.ited  Ti3TINg procedurss rinimfze voide In
LE-90C billers,

11 furing the sizzering cycle

> implemertation 3¢ siz-side Leating iz LI1-30C uad T

{aproved zhe Htrergth distrimzfon Joinin billems,

5 Vacuum degassing of slurries frr LI-ITDD and THCT-II Fwisr to casting elzzinatcs velds In
the billets.
o The high dry-density concept I:r FRCT-12 and TICI-8 vas wuccessfully ssed 15 tailor the

apparenr thermal csaduciivicy.

ENCTNEERING SATA AND STWERICAL [FTACL FRIGRAMING EFINDIITS

5 EIxperiarce with the Zaty has Tsd o s refinesents 1= the cile part prz{ "ams that have

made cilue fabricatics mere efflcienz.
5 Adaltlon of various scfrvare —iols recunced the Tequ.rement U0 hand ralculate various

masrer Jizensfon surfaces.

5 The use of fareractive graphicrs metheers for tiie Jesiyz &al NC parr prezramming would reduce
the numker of tooi rvies .ud xorove eificlearr. -
o tse of FATAM ro generate mylumy for use as tile Jimera:ocal iaspection taols eliminates

the need t> supply =7apurerizel tile fimenaioms. data I:3T hard-to-measure Zlles.

TTLE FABRICATION

o The additlon of hom?=g devices 3a the WO il - -rovifed assurance that ciles vere being
cur correctly.

o Design changes to 2% cutti~g =301® =rproved tiw cozsistency of the tile-to~tile 3aps ia "
the daliveres tiies.

o An understanding of fiber shrizsage :haracterie:ics fzt L1I-300, L1-2200 42 FRCI-12 led
to the iaplumentatiza of tile machia:rg offsezs *hat rescltel in tiles t2a: seet the
dinensional requireasnts.

n 1Implesentation of letter offpezs om —ne TBM 1il: cravel cards vith aporopriate changes

{n he N hardvare azd softvare proviied an efficienz mezhod to modify tile machinirg

otfsets.
5 Rmcogniti.n of the aaisotropic shrizkage cnararmaristizs 5 LI-900, LI-2370 and FRCI-12 H
further lnproved the tile dimersicnal rield, 3

COATINGS AND TREIR APPLICATION -

o Use of a universal ;arch compowrd Prisgr Lo coam ™ §3Taving elizinated [rregular surfaces
and craters {n the 3l ized coatiags.

o Man is a 3ore cfffclent tile Srayer Than raoocii.

o foatrol of jarticle size for r“ass [z=rs snd coucing sizxries elimfnated most coating
anoaalles.

o Real time process ccerzol of crating seight {n —he axmacTurisg ares eliminated tiles
scrapped for coat.ny welght.

o The propeasity for cracks in e Clasz ] coatlry vas srecived by incieasig the maxisum

. uaking Ir consistemt wizh the Clans 2 ccating.

coating wetzkt to .17 lb/t

{TLE MEASURMTENT AND CEDMMING
2 Intreducticn of the ~maxi-mcomzre” s Cordax mparar:s yielded accurave Ilmensional .
data. :
o The "Load-ani-io" coerept mirizized Tilem being scrapsed for plaslorn Cimensional anvaalies,
<hile preserving 4izemsional =iatre. &I the army lewel.
5 Intraductium of a second glazizy operzzion, to wrizk > les, elimissted zilew scrs ped
for an over-ize cencditisn.
o Tse of a3lavs for comples or turd-tr-measure rilas for Ttallenger greatly Improved “he
dere.ainarion of aczeptadility compaze to the “shi{p-amd-Fit™ criterion =sed for Columbia‘s

com;lex tiles.



e TOTAL RSi CERAMIC TILES - 30,812 (LMSC 23,400)
e REINFORCED CARBON/CARBON (RCC) (44 PANELS/NOSE CAP)
e FELT REUSABLE SURFACE INSULATION (FRSI) (3,581 FT5)

F

likiiuaietlh i ik

ORIGINAL PAnT i3
OF POOR QUALITY

HRSi —.

FRSY—,

~-HRS1 AND LRSI “FRS! —RCC — LRSI

Figure 1l.- TPS locations on Columbiz (OV-102).

ORIGINAL METHOD IMPROVED METHOD
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® BILLETS FABRICATED WTTH THE
HYDRCCYCULONZ-PROCESSED FIBERHAVE A
MORE UNIFORM CONSISTENCY.
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Figure 2.- Pretreatment of silica fibers for LI-900.
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ORIGINAL PAGE i3
OF PCOR QUALTTY

IMPROVED METHOD

CODCODDOCT
DODCCORUCT

20 LOT BLEND

ORIGINAL METHOD

B

2 LOT BLEND

1 PTX LOT (180LE) = ”L—t,g X 2J-MLOTS 1 PTX LOT (150LB) ~ 7-_~L5;$ X 20 J-M LOTS

s L
E1o. Ew.f
~ ~
S 9.5~ mms-moeeno- moe-mmnoec { T -
> 9.0- > 9.0 ;
E a7s a0 i ;—; a7sAa .
= — —_— z ;
T EPYY I BSSURNS! B B JF'Y. SEEEEPESSERRETEEREL RS
5 ] . .

1 i L A L 1 1 —_— o A L 1 1 1 1 Ji
3 o 5 1083 O 5 10
@ LMSC PTXLCTS @ LMSC PTX LOTS

Figure 2.- Blending J-M fiber lots for LI-900.

TRIMMNG & CUBING

Figure 4.- LI-90C procesc fiow.
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ORIGINAL METHOD

oy
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IMPROVED METHOD _ _ .. e¢pli =
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T aF PCOR QUALTY
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PP SINGLE
291l 157 BINOER 280 AER INTERIN
OF AIBER SINTERING ADDITICH  SIMTERING oFF SINTERING
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HEIUHT

r
gE | BiLLET BILLET j
£ L'\_L

Co F [ | S ‘

DENSITY 80TTCM

{ DEVSITY 80T0M
1

v BILLET CAST WITH 4.9 POUNDS OF FIBER, e BILLET CAST WITH 5.2 POUNDS OF FIBER,
; SINTERED, WEIGHED, THEN RE-SINTERED ZHEN SINTERED TO DESIRED DENSITY

TO DESIRED DENSITY o REDUCED PROCESSING TIME BY 50%

Figure 5 - Changes in LI-900 casting and sintering procedures.
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ORIGINAL METHQD : IMPROVED MiETHCD
: ' ) :
—_—— | | . e )
m o - [eal
H l & N : — l ) N
| 1 | | - E
BILLET 1 ZRLET
SINTERING vO:D : Sum TERING
:::1‘1' ‘;: (FIVE S1DE HEATING) § REOUCTION ACUUM-ASSIST X SIDE
! 1 STATION CASTING WEEATING)
- STATION
3
TOP : TOP
z 1=
S BILLET 1 9 BILLET
]
T l T
boro1 ot ]
DENSITY BOTTOM ' DENSITY 80TTOM
i
o BILLET CAST WITH GRAVITY DRAIN = o SLURRYAGITATED TO REDUCE YOIDS .
9 s BILLET SINTERED WITH FIVE SIDES i* BILLETSAST WITH THE 21D OF VACIIUM
EAPOSED § @ BILLET SINTERED ON PEDESTAL TO
e DENST. Y GRADIENT PROVED SIGNIFICANT 1 EXPOSE UNDZRSIDE TO KILN HEAT
WITH CENTER OF PU THE LEAST DENSE ! « MORE US*FORM DENSITY DISTRIBUTION

Figure 6.- <1-900 void reduction zad vacuuz issisted casting zethods.
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pact 13

CRIGIAL 10 | ory
of pOOR Q
A
ORIGINAL METHOD i IMPROVED METHOD
; =
o FIXED l  uareacoueact
=  SOAK TIME 1  WITHFIBER FROM HEAT TREAT
z i -— 7 — §  EACHPTXLOY AT 2350°F
=
P : MEASURE YOLUMETRIC
w . CHANGE TG DEF™E
3 l z SOAX TIME
- 1300 -,
TIME 1z y
= 50 T ;
1 g T, - u } ; T, \
1o s
1 %5 = TIME
§ L PTXLCT TADJUST R0AK TIME TO
1 SHRINX AGE | OBTAIN PROPER DENSITY
N §
z SPECIFICATION LIMITS s
2 95n° ——\_ ] =
P opme—————— b o 1 :z" —————————————— 95, 12
5 i o
iR S R I o %]
H — gb'"l l ___: fr o e e h vt e o — — L3 ]
o
PTXLOTA PTX .OTB [ STXLOT A PTXLOT®
1

Figure 7.- Silica fiber ccmpact test for LI-900.
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i FIBER
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FIBER CLEAMIRG

PRE- . 3
WEIGHED <" SLURRY
BAGS - MIXING CASTING

12200 BILLET

<

; |
4 .o & T VxS o4 |

TRIMMED o z
LI 2200 BILLET TRIMMING SINTERING DRYIRG
YO STOCK

Figure '8.- LI-2200 process flow.
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Figure 9.- FRCI-12 process flow.
ORIGINAL METHODS IMPROVED METHOD
LABORATORY PILOT PLANT PRODUCTION

o SHEAR NEXTEL”
o BLEND WITH SILICA

e BLEND e FINAL BLEND WITH
WITH SILICA REMAINING SILICA
<>
o CLUMPS s CLUMPS MINIMIZID

SILICA

o CLUMPS ELIMINATED

Figure 10.- Nextel dispersion methods for FRCI-12.
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ORIGINAL PACE 8
OF POOR QUALITY

OKIGINAL METHOD : IMPROVED METHOD
e GUARDED HOT-PLATE ASTMC177-STEADY-} pe[ X
s _;—' Gm STATE VALUES: 25, X=0 —_— \\— :
53 " ez ; C ) i redxa133 1 oTC2 - TCPLUG
M 30 P=1073ATM Sy ll,,zooa‘ S ! ;g: N FRCI-12
IoT 7 |9s" } ;Pr P | rcs - P=16"2 ATM
20 s 2 SPECTAENS 515000 ./ =904 ;
I 3 PER TEST I: 2O
E:‘E A0 .yay SPECIMEN  SYMBOL 1 INSTRUMENTED TILES
' 1044 E
s 20 cALC 1508 ____ ‘.u!g
2 L 3"BY NONLIN 1098 . ] ™~ s
< PGM 1580 -
£ -300 O 900 1800 i yfuias 9
TEMP . °F [¢] ‘OT?“EBDSOEC\ZOO 5INDEPTH T/C's
e EXTENDED TIMES TO ACHIEVE o SHORTER TESTTIMES

STEADY-STATE CONDITIONS
® LIMITED TO ONE SAMPLEPERTEST
¢ LARGE DATA UNCERTAINTY (+18%)
® GOOD COMPARATIVE DATA DEPENDENT

CAN TEST COMPARATIVE SAMPLES
SIMULTANEOUSLY

MEASUREMENT UNCERTAINTY MINIMIZED

ON: o TRANSIENT THERMAL RESPONSE
— TESTMETHOD PROVIDES GOOD COMPARATIVE DATA
— APPARATUS o |ITERATIVE COMPUTER CODE BACKS QUTX

— OPERATOR TECHNIQUE

e APPROPRIATE FOR ESTABLISHING DESIGN
VALUES

APPARENT

® APPROPRIATE FOR CCMPARATIVE
EVALUATIONS

Figure 11.~ Thermal performance evaluation methods.

ORIGINAL METHOD

LABORATORY AND PILOT PLANT

IMPROVED METHOD

FULL SCALE PRODUCTION

5 SIDE KILN HEATING

8 SIDE KILN HEATING

8.5PCF 19 PcF
12pCE
DAY DENSITY ORY DENSITY

FINAL DENSITY FINAL DENSITY

3 DENSITY = 5.5 PCF - DENSITY - 2 PCF

s THERMAL CONDUCTIVITY:
Kerci-12 = 30-80%>Ky ) g00

® TENSILE STRENGTH “A” VALUES

— THRU-THICXNESS = 53 LB/IN?
— IN-PLANE = 85 LB/IN?

o THEBMAL CONDUCTIVITY.
Kerci-12 =15%>K(; 600
» TENSILE STRENGTH “A” VALUES

~ THRU-THICKNESS = 52 L28/IN2
— IN-PLANE = 141 LB/IN

Figure 12.- High dry demsity concept for FRCI-12.
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ORIGINAL METHOD
LABORATORY AND PILOT PLANT
7B SILICA _
22% NEXTEL®
320 GRIT SIC
;T “‘q‘ 2400°F
RIS
. ‘w// ST\ S0 MIN
2 L’_ l .
5 SIDE KILN HEATL.G TIME

55PCF

pa

4 BFCF
1

DAY DENSITY @
FINAL DENSITY

. DENSITY = 2.5 PCF

o THERMAL CONDMCTIVITY
Kererg=25-55% > Ky go0

. TENSILE STHENGTH “A” VALUE
THRU-THICKNESS =22L8/IN"

OR! Clr\"" D'I ~> r

el -3
OF POOR QuaLity

IMPROVED METHOD
FJLL SCALE EQUIPMENT
B5% S!LICA
15% NEXTEL®
600 GRIT 5IC a &£
- 1* &
BILLET ) 2375°F

N\

|

6 810€ KILN HEATIRG

TUPCF

2.25 PCF
2,
DRY DENSITY g

FINAL DENSITY
Z DENSITY =125

e THERMAL CONDUCTIVITY
Kerct-8 = Kii-900

o TENSILE STRENGTH “A™ VALUE
THRU-THICKNESS = 26 LB/IN?

Figure 13.- FRCI-8 high dry density concept.
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ORIGINAL FATE 13
OF PLOR QUALITY
ROCKXELL —&}a— LOCKHEED

® DEFINITIONCF TILELOCATION | DETAILED ENGINEERING DRAWINGS -
AND TOLERANCES ' FOR ARRAY FRAMES

: //\\
ENGINEERING

' N ENGINEERING
J\ RELEASE MACHINED TILE DWG.
—V

e DEFINITION OF TILE GEOMETRY : 1 CENTER

=D - i

ENGINEERING NA-P.T. PART PROGRAM FOR TILES

MAG TAPE
MAGARETIC TAPE | \ @
|

ENGINEZMG
ASSEMBLY
DRAWING

FOR NC MACHINE

@ Q INSPECTION STANDARDS
8M CARDS MASTER DIMENSIONS
BOOK : n

ROCKWELL MASTER MAQ TAPE
DIMENSION DEFINITION FOR CORDAYX

OF ORBITER VEHIC'E MEASURING MACHINES

Fignre 15.- The engineering data flow.

e T .;,‘v-‘.ér‘.ﬁx"“_ e I
- -APPLYING MASKING TEMPLATE

Figure 16.- Examples of complex tiles without coating termirator lines.
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ORIGINAL PACE 53

I

OF POOR QUALITY

] - M o . -

Figure 17.- An interactive graphics method showing a Shuttle

-

infrared leeside temperature sensing tile.

ORIGINAL COATING

TOPCOAT: CLEAR GLASS +Zn0O

HIGH ¢, LOW o
[ OPTICALLY ADJUSTED
POROUS SUBCOAT

DUAL LAYER COATING

REQUIREMENTS:
® 0.2< a/e <0.4-(135°F to + 250°F )
® ¢ > 0.8 AT 1200°F
® WEIGHT < 0.09 Ib/1t?
& CRACK FREE AND WATER IMPERVIOUS

STATUS:
e PRODUCTION START INOCT. 1977
e THIN COATING CRACKED EASILY

---------'-ul-—--ﬂ‘-l

IMPROVED COATING

SINGL E, FUSED GLASS
/COATINO
_ /
)—ﬂ_:_ll Ton A
Li--
SINGLE L& LoATING
ADVANTAGES:

e ALL COMPONRENTS IN ONE LAYER

® MINIMIZED WATER IMPERVIOUSNESS
PROBLEM

o LESS RESIDUAL STRAIN

STATUS:
» USED ON COLUMBIA AT 0.12 1b/#t2
e USED ON CHALLENGER AT 0.17 Ib/#t2

Figure 18.- Class 1 coating optimization.
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ORIGINAL PAGE 13 l
OF PCOR QUALITY |
CRIGINAL METHOD 1 IMPROVED METHOD
! i
e COATING ANOMALIES : e DEFINED FULL PARTICLE SIZE ;
! DISTRIBUTION FOR CL.1/CL. 2 FRITS AND
; SLURRIES !
l 100¢ g
1 [
1 g s » ¥
1 § ¥
: » 50 } 3
[ | 3 ! 3
- - ’ 1 22 ¢
¥ " A~y ) ~ I © s i
“MUD CRACKING”  “ONION SKINNING” : 1008540 20 10 6 4 2 1 8.4 2 1 ‘
EQUIV. DIA —{HlCHONS)
STATUS: : ADVANTAGES:
* NOCLASS 1 FRIT SIZECONTROLOTHER ;  * SLURRY VISCOSITY CONTROL IS
THAM 90% THROUSH 325 MESHAND A | =
50% PCINT REQUIREMENT § © SPRAYING CHARACTERISTICS ARE MORE
* USE OF SLURRY IMMEDIATELY AFTER | UNIFORM
PREPARATION ELIMINATEDVISCOSITY | o COATING CRACKS DURING GLAZING ARE
VARIATIONS 1 ELIMINATED
» NO CLASS 2 FRIT SIZE CONTROL OTHER i ® FUSION OF CLASS 1 AND CLASS 2
THAN A 50% POINT REQUIREMENT : COATINGS IS ASSURED

Figure 19.- Effect of glass frit particle size effects on glazed coatings.
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ORIGINAL COATING IMPROVED COATING
s i

/ :gs& Q;.ASS + SIiC EMITTANCE AGENT IN 7930 FRIT/5.6% l,O’jslﬂ. 4
TV( Y- ruseo siica S p
: L-300/2200 TILES g SUBCOAT . LI-OOOIU;ngRCI-‘I 2

| 7
JUAL LAYER COATING (0050) SINGLE LAYER COATIMG (RCQ)
CHARACTERISTICS: CHARACTERISTICS:

® EMITTANCE > 0.8 AT 2300°F

® HIGH RESIDUAL TENSILE STRAINS
(200-300x¢)
— HIGH CRACK PROPAGATION

® GLAZED AT 2500°F

& FGAMED DURING EXPOSURE TO PLASMA
TESTS

® WEIGHT <0.17 Ib/ft2
® GLAZED AT 2200°F
¢ EMITTANCE >0.8 AT 2300°F

® LOW RESIDUAL TENSILE STRAINS
(50-100u¢)
= MINIMAL CRACK PROPAGATION

® REUSABLE TO 2300°F
% GOOD FOR SIN(LE EXPOSURE TO 2700°F

|Gy S UNE WPV NN A GEE GED SED GuS CRD SN DN NN ENR AU M GEN SN AN A ARG SEN GEN AW W

Figure 20.- Class 2 coating ontimization.
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OF POOR QUALITY
ORIGINAL METHOD 1 IMPROVED METHOD

1
]
i
i
i
i
i LT
i : R
l R _“lﬁ
1

i
! —
! o ‘ROBOTS FOR SIMPLE TITLES (5 COATED | & MANIS THE MOST FLEXIBLE ROBOT FOR
: SURFACES) I ALLTILES
e MAN FOR COMPLEX TITLES (UP TO 20,
SURFACES) -

: Figure 21.- Methods of spraying class 1 and class 2 tiles.

Y

ORIGINAL METHOD

1
1
i
1
]
- =
WEIGH
COATING l
WEIGHT ' GLATING
- [} nzzbv
4 REJECT i - e, ®
H - é’z*“
PROCEDURE: § PROCEDURE: o Y
e MACHINETILE I © MACHINETLE CoATING
e WEIGH BEFORE SPRAYING !N INSPECTION 1 ¢ WEIGH BEFORE SPRAYING IN WFG
e WEIGH AFTER COATING GLAZING IN : o WEIGH BEFORE GLAZING IN MFG
INSPECTION e STRIP COATING FROM LOW/HIGH WT. TILES
e SCRAP TILES FOR LOW OR HIGA COATING i -t
§ ¢ RESPRAY SAMETILE
WEIGHT I
e MACHINE NEW TILE i ADVANTAGES:

. § © ELIMINATES: »
DISADVANTAGES ' - TILUS SCRAPPED FOR COATING WEIGHT
e TILES SCRAPPED FOR HIGH/LOW COATikG ’ - MACHINING NEW TILES

WEIGHT ) . QUALITY ASSURANCE WEIGHT CHETKS
e TIMELOST TO REKACHINE TILES J °© SUBSTITUTESIN PROCESS COAT.HG
1 WEIGHT CHECK

Figure 22.- Methods to control coating weight.
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5.034 RESIDENT IN ALL NC PART PROGRAMS:
-334 1~ .020T BASIC OFFSET EQUATION FOR
RICHMOND 1§l GLASS MELT

Z z

5.944(-Z .010|- 210 —
= w
3] (]
z =
w <
559541 O 7 —_—
o [&]
w x §§
F4 o X
I o}
%) 5.984 - & - 010 3
< w N
s S

5874+ -.020}+

WATERVILLE |
GLASS MELT
59884 L .030 ! i H " ! 1 ! a1 1
0 1 2 3 4 5 8

*APPLIED ATNC MILL

GLAZED TILE THICKNESS (IN.)

Figure 23.~- In-plane machining offsets for LI-20G.

® ALL E“GINEEHING DEFINITION IS
BASED ON COMPUTER (MASTER
DIMENSION) DATA

® EACH TILE HAS UNIQUE PART
PROGRAM FOR NC MACHINING

# ALL MANUFACTURING AND
INSPECTION OPERATIONS ARE

CONTROLLED BY ONE IBM CARD PER
TILE

NC MACHINED SHAPE

.

=

|
(270 12 MILS) |
}___ —)

TOP VIEW

{270 17 MILS)
SIDE VIEW

o DIMENSIONAL REQUIREMENT
+ 0018-INCH (LENGTH & WIDTH} AND
+ Q010-INCH (THICKNESS) FOR MOST
TILES

o EACH TILE REQUIRES COMPENSATION
FOR MATERIAL SHRINKAGE DURING
COATING GLAZING

o SHRINKAGE VARIES WITH
— GLASS MELT
— TILE THICKKESS
— TILE PLANFORM

RCG POST COAT CLAZING SHAPE
12250°F for QO MIN)
—-»”-—(2 TO 10 MILS)

L O

=)
_L (2 TO 12 MILS)

] =

TOP VIEW SIDE VIEW

>
>

Pl

Figure 24.— Tile fabrication requirements.
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ORIGINAL METHOD :
TPSENG DATA | —~ PART PROGRAM :
1
CN%NGE |
Co oo |
- o) !
CARD IMAGES TRACEABILITY :
/ ] CARD 1
t
1 1
1
MASTER DiM 800K y :
| |
= -
[ |
1
MAGNETIC TAPE i

nemit §
@ ADJUSTMENTS TO HE TILE MACHINED :

DIMENSIONS REQUIRED REVISIONS IN THE 1
N/C PART PROGRAMS

e NO CAPABILITY EXISTED TO CHANGE

Figure 25.- Implementatrion aspects of tile machining

OR:SINAL METHOD

Rainelhe

o]

GLAZED TILE

TILE COATING —>

o EREA

IHTISSSIJRE-—"’]

UNGLAZED TILE

CYLINDRICAL CUYTING TOOL PROBLEMS:

& WIDER TILE-TO-TILE GAPS AT THEOUTER
MOLD LINE THAN AT THE TILE INNER
MOLD LINE

e STEPPED WITNESS LINE RESULTED IN
UNACCEPTABLE TILE TO TILE GAPS

e STEPPED WITNESS LINE CAUSED SIDE

L
]
1
1
| |
1
L ]
3
1
1
§
1
]
1
)
]
L]
i
p|
]
]
1
]
1
]
I
1

COATING CRACKS !

Y e .
= e lg

PCCR QUALITY

IMPROVED METHOD
TRACEABILITY
CARD
C_
TR
| \
i AN
\ 1
N :
\\ T Nioai
N — 1

MODIFIED THEN/C MILLS LOGIC
{HARDWARE]

MODIFIED THE N/ MILLS SOFTWARE

PROGRAMMED A BASIC OFFSET MATRIX IN
THE N/C SGFTWARE

MODIFIED THE TRLES !EM TRACEABILITY

CARD 7O CHAHGE THE TILE DIMENSIONS
(ML THINKS TOOU DIAMETER HAS CHANQED}

N0 CHANGES TO THE N/C PART PROGRAM

Tetter offsetis-

IMPROVED METHOD

/\
LAYy

JU

UNGLAZED TWE SAAZED TILE
il

CONRICAL CUTTING TOOL ADVANTAGES:
‘o NEAR UNIFORM TILE-TO-TILE GAPS

¢ PROVIDES AN UNDERCUT WITNESS LINE
THAT MINIMIZES SI1DE COATING CRACKS

® TILES MADE TO THE REQU!RED
CONFIGURATHON

Figure 26.- Cutting tcol configuratica chazges.
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I b

Qo

STEP WRAPAROUND ELEVGN COVE
« ALL REQUIRE TTT SHRINKAGE COMPENSATION
Z .osoL
™~
2 050
- WV 6 g
31}
S 040 GLASS TTTl P
é 330+ MELT .’/
Z oz} - ’/<
R wv7 o airection
= 010 GLASS ?
z ) . MELT
2 % 30 ) 30
(IP) # (DEG) (117)

o ALL “FIXES” CONTAINED IN HC PART PROGRAMS

Figure 27.- LI-900 tile shrinkage in the through-the-thickness direction.

ORIGINAUMETHOD

CORDAX 5000

e USED TO MEASURE ALL TILES BEFORE
LOADING iNTO ARRAY FRAMES

e ONLY DISCRETE POINTS ARE MEASURED

ON TILE SIDE

IMPROVED METHOD

= BIAL GAUGE

MAXI-MEASURE

e MEASURES THE SHIMMED DIMENSIONS

¢ ALLOWS MORE EFFICIENT MEASUREMENT
OF TILES WITH PARALLEL SIDES

e CORCAXORMYLARS AREUSED FORTILES
WITH NON-PARALLEL SIDES

Figure 28.~ Tile measurement methods.
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OF POOR QUALITY
{MPROVED METHODL

ORIGINAL METHOD

=7

»CORDAX 5000 MEASURING DEVICE WAS
USED TO MEASURE ALL TILE3 BEFORE THEY
VWERE LOADED INTO ARRAY FRAMES. THIS
MADE IT NECESSARY TO GENERATE
STANDARDS THAT DEFINED THE
CONFIGURATION OF EACH TILE.

e ALL TILES ARELOADED INTO
YREMEASURED ARRAY FRAMES. IF TILES
LOAD TO SPECIFIED GAPS, THE ENTIRE

1
1
]
1
]
i
]
5
1
i
]
1
i
1
1
1
1
1
]
1
1
]
!
1
: FRAME IS ACCEPTED FOR SHIPMENT
1

1

Figure 29.- The load and go ccncept.

i IMPROVED METHOD
1 i
» ACCEPTABLE # : # ACCEZTABLE §
1 !
: { LZF
— £~ " § ResecT i ~2>- - §REJECT
ST (LARGE PLANFORM DIMENSIONS) | T (LARGE PLANFORM DIMENSIONS)
- - -
- - : L~ VACUUM
1
- 1= 4 ‘
) e L
- IMARKING  WATERPROOFING RESINTERING

1
: TILE REWORK PROCEDURE:

1 ¢ RESINTER ORIGINAL TILE TO ACCEPTABLE
DIMENSIONS

ADVANTAGES:
TILE REMAKE PROCEDURE:

L] TILE REMAKES REQUIRED
e CHANGE TILE MACHINING OFFSET No

o FEWER SCRAPPED TILES
» MACHINE REPLACEMENT TILE

4 b o MINIMUM IMPACT TO DELIVERY SCHEDULE

Figure 30.- A seccnd siacering to shrink oversize tiles.
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a3 U-900 |L1-2200| FRCH12
DENSITY (b/tt”) 83-9.5 | 20-24 |11.8-13.5
TENSILE STRENGTH" (Ib/in?}
THRU-THE-THICKNESS 24 73 81
IN-PLANE 67 180 257
COMPRESSIVE STRENGTH"® (Ib/in2)
THRU-THE-THICKNESS 25 130 132
IN-PLANE 70 230 285

THERMAL EXPANSION® (in/in - °F)
THRU-THE-THICKNESS 4x10°7 | 4x1C-7

7x10°7
IN-PLANE 45107

4x10-71 7x 107

APPARENT THERMAL CONDUCTIVITY* (BTU-in/ft2 hr - *F)
THRU-THE-THICKNESS
70°F @ 10" ATM 0.10 0.22 012
1000°F @ 10°* ATM 028 0.41 0.3«
IN-PLANE
70°F@ 1 ATM : 0.44 ©.73
1000°F @ 1 ATM 1.08 1.25 1.13

SPECIFIC HEAT" (BTU/Ib - *F)
*AVERAGE VALUE

Q.17 017 17

Figure 31.- Typical physical properties of LI-900, LI-2200 ané TRCI-iT.
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